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Abstract. 
 
Changes in cell morphology and motility are 
mediated by the actin cytoskeleton. Recent advances in 
our understanding of the regulators of microfilament 
structure and dynamics have shed light on how these 
changes are controlled, and efforts continue to define 
all the structural and signaling components involved in 
these processes. The actin cytoskeleton-associated pro-
tein talin binds to integrins, vinculin, and actin. We re-
port a new binding partner for talin that we have 
named layilin, which contains homology with C-type 
lectins, is present in numerous cell lines and tissue ex-
tracts, and is expressed on the cell surface. Layilin colo-
calizes with talin in membrane ruffles, and is recruited 
to membrane ruffles in cells induced to migrate in in 
vitro wounding experiments and in peripheral ruffles in 
spreading cells. A ten–amino acid motif in the layilin 
cytoplasmic domain is sufficient for talin binding. We 
have identified a short region within talin’s amino-ter-
minal 435 amino acids capable of binding to layilin in 
vitro. This region overlaps a binding site for focal adhe-
sion kinase.
Key words: layilin • talin • ruffles • C-type lectin • fo-
cal adhesion kinase (FAK)
 
C
 
ell
 
 shape and movement form the basis for funda-
mental developmental events such as gastrulation,
tubule formation, and morphogenesis. The actin
cytoskeleton plays a significant role in these processes be-
cause it is a major determinant of cell shape, and is essen-
tial for cell motility. Furthermore, interactions of actin fil-
aments with the cell membrane are necessary both for
changes in and maintenance of cell morphology. Our un-
derstanding of membrane–cytoskeleton linkages has been
advanced significantly with the recognition of various pro-
teins as adaptors between integral membrane proteins and
the actin cytoskeleton. Proteins of the band 4.1 superfam-
ily, band 4.1, talin, ezrin/radixin/moesin (ERM)
 
1
 
, and mer-
lin, the product of the neurofibromatosis type 2 tumor sup-
pressor gene, perform this function in many cell types
(Tsukita et al., 1997). Band 4.1 confers mechanical stabil-
ity to red blood cells by attaching the spectrin and actin cy-
toskeletons to glycophorin or the erythrocyte anion ex-
changer (band 3) in the erythrocyte membrane (Bennett
and Gilligan, 1993). Talin plays an essential role in inte-
grin-mediated cell matrix adhesion by binding to integrin
cytoplasmic domains, focal adhesion kinase (FAK), ac-
tin, and the actin-binding protein vinculin (Burridge and
Mangeat, 1984; Horwitz et al., 1986; Chen et al., 1995;
Hemmings et al., 1996; Knezevic et al., 1996). ERM pro-
teins contribute to microvillar structure, function in cell
adhesion, and bind to actin and sites on the plasma mem-
brane; ERMs have been reported to bind to the cytoplas-
mic domains of several transmembrane proteins, including
CD44, CD43, ICAM-2, and ICAM-3 (Algrain et al., 1993;
Takeuchi et al., 1994; Tsukita et al., 1994; Turunen et al.,
1994; Helander et al., 1996; Serrador et al., 1997; Yone-
mura et al., 1998).
Talin, ERMs, merlin, and band 4.1 have a similar overall
domain structure, and are proposed to function by the
same mechanism. They are related by sequence homology
in the amino-terminal domain, which is proposed to con-
tain their membrane-binding sites (Rees et al., 1990).
ERMs can bind CD44, CD43, and ICAM-2 via their NH
 
2
 
-
terminal domains, and band 4.1 interacts with both glyco-
phorin C and band 3 through its NH
 
2
 
-terminal domain
(Jöns and Drenckhahn, 1992; Yonemura et al., 1998). The
NH
 
2
 
-terminal domains of merlin and ERMs also associate
with NHE-RF, which may link them indirectly to the
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Abbreviations used in this paper
 
: CRD, carbohydrate-recognition do-
mains; ERM, ezrin/radixin/moesin; GST, glutathione-S-transferase; nt,
nucleotide.
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membrane by binding to one or more Na
 
1
 
-H
 
1
 
 exchanger
isoforms (Reczek et al., 1997; Murthy et al., 1998). In addi-
tion to the sequence homology in their NH
 
2
 
-terminal do-
mains, talin and ERMs have a central domain predicted to
be mostly 
 
a
 
-helical and demonstrating actin-binding activ-
ity, while this region of band 4.1 binds spectrin (Ungewick-
ell et al., 1979; Rees et al., 1990; McLachlan et al., 1994).
With these biochemical activities, band 4.1 family mem-
bers could link membrane and cytoskeleton by binding to
each simultaneously.
Talin, which is expressed in essentially all adherent cell
types, is found at sites of cell-matrix adhesion (such as fo-
cal contacts), leading edge ruffles of migratory cells, at
sites of phagocytosis in macrophages, and at cell–cell con-
tacts of T cells (Burridge and Connell, 1983; Burn et al.,
1988; Greenberg et al., 1990; DePasquale and Izzard, 1991;
Kreitmeier et al., 1995). These are also sites where integrin
cell adhesion receptors are found. While integrins are
clearly associated with the leading edge of some types of
motile cells, it is unclear whether they are located in dorsal
ruffling membrane sheets, in the ventral-most base of the
leading edge, or both (Schmidt et al., 1993; Lawson and
Maxfield, 1995; Lee and Jacobson, 1997). Talin’s impor-
tance in adhesion and migration has been demonstrated in
experiments that interfere with talin function or expres-
sion. Injection of anti-talin antibodies disrupts cell adhe-
sion and migration, and downregulation of talin protein
levels by expression of anti-sense talin RNA reduces the
rate of cell spreading (Nuckolls et al., 1992; Albigès-Rizo
et al., 1995). Talin’s role as a membrane–cytoskeleton
linker in focal contacts has been characterized in detail; a
short peptide derived from the 
 
b
 
1-integrin cytoplasmic do-
main can block the association of talin with integrins, and
three actin-binding domains and three vinculin-binding
sites have been mapped in talin (Tapley et al., 1989; Hem-
mings et al., 1996). Interestingly, the integrin-, three vincu-
lin-, and two of the three actin-binding sites in talin are all
found within the carboxy-terminal 190-kD calpain tail
fragment of talin (Horwitz et al., 1986; Gilmore et al.,
1993; Hemmings et al., 1996). Microinjected talin tail frag-
ment localizes to focal contacts, suggesting that the known
integrin-, vinculin-, and actin-binding sites account for
talin’s membrane–cytoskeleton linking role in focal con-
tacts (Nuckolls et al., 1990). In contrast, talin’s role in
membrane ruffles has not been elucidated, although it
seems reasonable to project that, as in focal contacts, it
connects F-actin to an unknown site on the plasma mem-
brane.
While the tail fragment can account for talin’s role in fo-
cal adhesions, the role of talin’s 47-kD amino-terminal
calpain cleavage product (talin head, amino acids 1–435) is
not known. An examination of talin protein sequence
from highly divergent organisms reveals that talin’s NH
 
2
 
-
terminal domain is the most well-conserved region within
the sequence. For instance, 
 
Caenorhabditis elegans
 
 and
 
Dictyostelium discoideum
 
 talins are 78 and 66% similar to
mouse talin within the head domain, but only 59 and 46%
similar to mouse talin overall (Kreitmeier et al., 1995; Moul-
der et al., 1996). This highly conserved segment also con-
tains talin’s homology to band 4.1. While this sequence con-
servation suggests that some conserved function exists for
the talin head domain, experimental analyses have given
varied results. Nuckolls et al. found that a small fraction of
microinjected talin 47-kD domain fragment incorporated
into focal contacts, while most was diffusely localized in
cells. The injected protein had no effect on cytoskeletal
morphology, cell spreading, or adhesion. However, in-
jected talin tail protein was targeted to focal contacts, and
also exhibited ectopic localization at cell–cell junctions
where full-length talin is not normally found, suggesting
that talin head may enhance targeting to focal contacts or
mask other binding sites within talin’s tail domain (Nuck-
olls et al., 1990). In contrast, microinjected glutathione-
S-transferase (GST)-talin 47-kD fragment colocalized with
actin filaments and disrupted stress fibers in a majority of
cells (Hemmings et al., 1996). Similarly, we found that
cells transiently overexpressing talin head were not spread
and appeared poorly adherent (M.L. Borowsky and R.O.
Hynes, unpublished results). Bolton and colleagues gener-
ated two anti-talin monoclonal antibodies that, when mi-
croinjected into human foreskin fibroblasts, disrupt actin
stress fibers, and when injected into chick embryo fibro-
blasts, significantly inhibit cell migration (Bolton et al.,
1997). One of these monoclonal antibodies recognizes an
epitope in the talin 47-kD fragment, and the other binds a
site at the extreme COOH terminus of talin.
While the talin head domain appears to play an impor-
tant role in cell motility and morphology, no specific
mechanism has been proposed to explain these observa-
tions. Based on the sequence similarity between talin’s
NH
 
2
 
-terminal domain and band 4.1, we hypothesized that
the conserved talin head domain contained an additional
membrane-binding site for talin. In a two-hybrid screen we
have identified a previously unknown type I integral mem-
brane protein that interacts with talin head, is expressed in
all adherent cell lines analyzed, and colocalizes with talin
in membrane ruffles. A short motif present in the cytoplas-
mic domain of this protein is sufficient for talin head bind-
ing. We believe this protein represents a membrane-bind-
ing site for talin in ruffles, while integrins anchor talin in
focal contacts.
 
Materials and Methods
 
Yeast Two-hybrid Screen
 
Plasmid construction.  
 
Manipulation of DNA was performed according to
standard molecular biological protocols (Sambrook et al., 1989). Unless
otherwise stated, restriction enzymes and DNA-modifying enzymes were
purchased from New England Biolabs Inc. (Beverly, MA). A pBluescript
subclone of a talin cDNA encoding amino acids 1–435 (clone A14) was
made by partially digesting a chicken talin cDNA with NcoI, digesting
with PstI, and cloning the product into pBluescript SK- that had been di-
gested with NcoI and PstI. To make the LexA fusion bait, clone A14 was
digested with SacI and EcoRV, the ends were polished with T4 DNA
polymerase, and the appropriate fragment was ligated into pEG202 that
had been digested with EcoRI and rendered blunt (Gyuris et al., 1993 ). A
pJG4-5 subclone of layilin lacking a cytoplasmic domain was made by in-
serting a synthetic oligonucleotide (2STOPS: CGGTTAATGATCAT-
TAACCG) with two in-frame stop codons into the 3
 
9
 
 PvuII site in the
longest partial layilin cDNA isolated in the two-hybrid screen (Gyuris et
al., 1993). A pJG4-5 subclone of layilin cytoplasmic domain was made by
ligating a PvuII/XhoI layilin cDNA fragment into pJG4-5 that had been
digested with EcoRI, Klenow-blunted, and digested with XhoI. A plasmid
encoding LexA fused to the type-II TGF
 
b
 
R cytoplasmic domain was the
gift of Dr. R. Weinberg (Massachusetts Institute of Technology).
 
Library screen. 
 
The two-hybrid library screen was performed as previ-
ously described using the CHO cDNA library pVPCHO (gift of Dr. V. 
Borowsky and Hynes 
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Prasad, Albert Einstein Medical College; Gyuris et al., 1993). EGY48 con-
taining the LexA-talin bait and the beta-galactosidase (
 
b
 
-gal) reporter
plasmid pSH18-34 was transformed with DNA prepared from two pools
of pVPCHO library that contained 
 
z
 
7.5 
 
3 
 
10
 
4
 
 and 8.2 
 
3 
 
10
 
4
 
 recombi-
nants. Yeast transformants were pooled and frozen in aliquots, and their
plating efficiency was determined. About 10
 
6
 
 yeast transformants were
plated on synthetic complete medium containing raffinose and galactose
as carbon sources, but lacking histidine, leucine, tryptophan, and uracil.
48–96 h later, 244 yeast colonies were picked and assayed for blue color on
medium containing X-gal (Boehringer Mannheim Corp., Indianapolis,
IN). Plasmid DNA was recovered from 40 double-positive (leu
 
1
 
, lacZ
 
1
 
)
colonies, and candidate interactors were sorted into classes based on AluI
and HaeIII restriction digestion patterns of the library inserts (Hoffman
and Winston, 1987; Gyuris et al., 1993). After retesting representative in-
teractors of each class with negative control baits, 30 of the original 40
clones were deemed worthy of further study. Based on partial sequence
data, these 30 candidates were determined to comprise three cDNAs (Ep-
icentre PCR sequencing kit, Epicentre Technologies, Madison, WI).
 
Anchored PCR.  
 
Primers internal to the longest layilin cDNA recovered
from pVPCHO (LECTF1: TGGACAGATGGGAGCACAT; and LECTR1:
GGAATTCCCCACTTTCTGAAGGGTTC) were used to screen pools
of a CHO cDNA library subcloned in pcDNA I (gift of Dr. M. Krieger,
Massachusetts Insititute of Technology) for the presence of our interactor
cDNA (Guo et al., 1994). A fragment of the layilin cDNA was amplified
from a positive pool using a 3
 
9
 
 primer within the cDNA (LECTR1), and a
5
 
9
 
 primer complementary to the T7 promoter present in the vector
(T7P: TAATACGACTCACTATAGG), subcloned into pBluescript, se-
quenced, and found to encode an open reading frame continuous with and
overlapping that in the cDNA cloned from pVPCHO. The open reading
frame encoded by the PCR product completed the C-type lectin homol-
ogy present in the original pVPCHO isolate, contained a suitable start
codon, and so was deemed likely to be the genuine 5
 
9
 
 end of the cDNA.
 
Northern analysis. 
 
CHO RNA was prepared by acid phenol extraction
as previously described (Chomczynski and Sacchi, 1987) Poly-A
 
1
 
 RNA
was isolated essentially as described (Bradley et al., 1988). In brief, 20 
 
3
 
15-cm dishes of nearly confluent CHO cells were trypsinized, pooled, pel-
leted, and washed with PBS. The cells were resuspended in 20 ml of pro-
teinase K solution (200
 
 m
 
g/ml proteinase K, 0.5% SDS, 100 mM NaCl, 20
mM Tris, pH 7.5, 1 mM EDTA), lysed with 3
 
3 
 
25-s cycles in a Polytron
homogenizer (Brinkmann Instruments, Waterbury, NY), and incubated for
90 min at 37
 
8
 
C. The NaCl concentration was brought to 500 mM, and 200
mg of oligo dT cellulose (as a suspension in high salt buffer [0.1% SDS,
500 mM NaCl, 20 mM Tris, pH 7.5, 1 mM EDTA]; Pharmacia Biotech,
Inc., Piscataway, NJ) was added per 10
 
9
 
 cells. After mixing for 2 h at room
temperature, the oligo dT cellulose was washed twice in batch with high-
salt buffer, and was poured as a column in a 1-ml syringe plugged at the
bottom with sterile glass wool. The resulting column was washed with 10-
column volumes of high-salt buffer and then eluted with 4-column bed
volumes of low salt buffer (0.05% SDS, 20 mM Tris pH 7.5, 1 mM
EDTA). The four fractions were pooled, heated to 65
 
8
 
C for 5 min, cooled
on ice, brought to a final NaCl concentration of 0.5 M, and incubated with
a fresh aliquot of oligo dT cellulose for 30 min at RT. Washes, column
building, elutions, and rebinding were repeated as above twice for a total
of three rounds of selection on oligo dT cellulose. On the last cycle, four
300-
 
m
 
l fractions of poly-A
 
1
 
 RNA were eluted in low-salt buffer and etha-
nol-precipitated overnight at 
 
2
 
20
 
8
 
C. RNA was pelleted, washed with 70%
ethanol, and resuspended in 50 
 
m
 
l of diethylpyrocarbonate-treated water.
Samples were electrophoresed on 1% agarose/formaldehyde gels, trans-
ferred to Hybond-N nitrocellulose (Amersham Life Science, Inc., Arling-
ton Heights, IL), cross-linked in a Stratagene stratalinker (Stratagene, La
Jolla, CA), prehybridized for 2 h at 57.5
 
8
 
C in Church-Gilbert buffer (1 mM
EDTA, 500 mM Na
 
2
 
HPO
 
4
 
 pH 7.2, 7% SDS, 1% BSA), hybridized over-
night at 57.5
 
8
 
C in Church-Gilbert buffer containing 10
 
6
 
 cpm of random-
primed layilin probe, washed twice at room temperature in 2
 
3
 
 SSC/0.1%
SDS and twice at 55
 
8
 
C in 0.2
 
3
 
 SSC/0.1% SDS, and then exposed on
X-OMAT AR film (Eastman Kodak Co., Rochester, NY) with an intensi-
fying screen at 
 
2
 
80
 
8
 
C (Alwine et al., 1977).
 
Preparation of Polyclonal Anti-layilin Antisera
 
A synthetic oligopeptide consisting of a cysteine followed by the carboxy-
terminal 20 amino acids of layilin (LC20: CSPDRMGRSKESGWVE-
NEIYY) was purchased from the Massachusetts Institute of Technology
Biopolymer Facility, conjugated to keyhole limpet hemocyanin as previ-
ously described, and sent to Covance (Denver, PA) for production of rab-
bit antisera (Marcantonio and Hynes, 1988).
 
Affinity purification. 
 
A thiopropyl-Sepharose 6B (Pharmacia Biotech,
Inc.) column with covalently-coupled LC20 was washed sequentially with
15 ml of 10 mM Tris, pH 7.5 under gravity flow, 100 mM glycine, pH 2.5 at
25 ml/h, 10 mM Tris, pH 7.5 at 25 ml/h. Ammonium sulphate–precipitated
antiserum was applied to the column at 20 ml/h. The flow rate was in-
creased to 25 ml/h, and the eluate recirculated on the column for 30 min so
that the antiserum ran over the column a total of three times. On the last
cycle, the depleted serum was collected and saved for use as a control for
the affinity-purified antiserum. The column was washed at 25 ml/h with 30
ml of 10 mM Tris pH 7.5, and then at 30 ml of 500 mM NaCl in 10 mM Tris
pH 7.5. Antibody was eluted in 1.2-ml fractions with 100 mM glycine pH
2.5 into 1.5-ml microcentrifuge tubes preloaded with 1 M Tris, pH 8.0 suf-
ficient to neutralise the glycine.
 
GST Fusion Binding
 
Plasmid construction. 
 
The GST-chicken talin 1-435 fusion (GST-CT) was
made by ligating a BamHI/EcoRI fragment from chicken talin clone A14
into BamHI/EcoRI-digested pGEX-2T (Pharmacia Biotech Inc.). Dele-
tions within this region of talin were made by either digesting this con-
struct with appropriate enzymes, or by generating PCR products within it.
Specifically, to make GST-CT 280-435, GST-CT was cut with BglII and
BamHI, blunted with Klenow, and religated. To generate GST-CT 1-280,
GST-CT was cut with BglII and EcoRI, blunted with Klenow, and reli-
gated. To create GST-CT 186-435, GST-CT was cut with ClaI and BamHI,
blunted with Klenow, and religated. The insert for GST-CT 186-357 was
derived from GST-CT 186-435 using PCR with a primer starting at the
codon for amino acid 357 (CTR1: CGAATTCGATGTTGGTCAG-
GCTCC) and a primer in the vector (pGEX1: TTGCAGGGCTGGC-
AAGC). The insert for GST-CT 225-435 was synthesized by PCR using a
primer starting at the codon for amino acid 225 (CTF1: CGGATCCG-
GCTCCCACCCCGTC) and a primer in the vector (pGEX2: GCTG-
CATGTGTCAGAGG). A PCR product encoding amino acids 225–357
was produced using the primers CTF1 and CTR1. Each PCR product was
digested with BamHI and EcoRI and ligated into BamHI/EcoRI-digested
pGEX-2T. To make the GST-layilin cytoplasmic domain fusion contain-
ing amino acids 261–374, a pBluescript subclone of layilin cDNA was
made that extends from the 3
 
9
 
 XhoII site to the 3
 
9
 
 end of the cDNA, with
the XhoII site blunted and ligated to the pBluescript EcoRV site, and the
3
 
9 
 
end of the layilin cDNA cloned into the pBluescript XhoI site. The con-
struct was digested with EcoRI and XhoI, and the appropriate fragment
was cloned into EcoRI/XhoI-cut pGEX-5X-1 (Pharmacia Biotech Inc.).
The GST-layilin 244–335 fusion was made by amplifying the cDNA en-
coding those amino acids with primers LECTF2 (GGAATTCTCAGCT-
GCATGTTGGGTT) and LECTR1, digesting the PCR product with
EcoRI, and subcloning the fragment into EcoRI-digested, phosphatase-
treated pGEX-5X-1. The GST-layilin 330–374 fusion was made by ampli-
fying a pBluescript subclone of the layilin cDNA with a 5
 
9
 
 primer starting
with the codon for amino acid 330 (LECTF3: GGAATTCAACCCT-
TCAGAAAGTGGGTT) and T7P. The PCR product was digested with
EcoRI and XhoI, and the resulting fragment was ligated into pGEX-5X-1
that had been digested with EcoRI and XhoI. The GST-(LH23)
 
3
 
3 fusion
was made by self-ligation of a double-stranded oligomer consisting of
top-strand LH23T (GATCCTTGAGAGTGGATTTGTGACCAATGA-
CATTTATGA) and bottom-strand LH23B (GATCTCATAAATGTCA-
TTGGTCACAAATCCACTCTCAAG), digestion with BamHI and BglII,
and ligation of the resulting multimerized oligomer into pGEX-5X-1 that
had been digested with BamHI and treated with shrimp alkaline phos-
phatase (Boehringer Mannheim Corp.). All GST-talin and GST-layilin
fusion protein constructs were confirmed by sequence analysis. The GST-
fibronectin (FN) EIIIB construct has been previously described (Peters et
al., 1995).
 
Affinity isolation.  
 
Detergent lysates of CHO, NIL8, or their transfected
derivatives were made by scraping and pooling cells, washing with Tris
wash buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1 mM MgCl
 
2
 
, 1 mM
CaCl
 
2
 
), and then lysing on ice for 20 min with 1 ml of lysis buffer (0.1%
TX-100, 0.3 M sucrose, 50 mM Tris, pH 7.5, 100 mM KCl, 1 mM CaCl
 
2
 
, 2.5
mM MgCl
 
2
 
, 1 mM PMSF, 9 TIU/ml aprotinin, 5 µg/ml leupeptin) per 10
 
7
 
cells. The lysate was centrifuged at 13,000 
 
g
 
 for 10 min at 4
 
8
 
C, and was
then precleared with 500 
 
m
 
l of packed glutathione-agarose (preequili-
brated in lysis buffer) per ml of lysate for 30 min at 4
 
8
 
C. For peptide-
blocking experiments, 5 mg/ml peptide in PBS was added to a final con-
centration of 1 mg/ml to the cleared lysate, and the mixture was incubated
on ice for 20 min. 500 
 
m
 
l of cleared lysate was added to 50 
 
m
 
l of glu-
tathione-agarose preloaded with each GST-fusion protein, and was ro- 
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tated end-over-end for 1 h at 4
 
8
 
C. The samples were centrifuged briefly,
the supernatants were removed, and the glutathione-agarose pellets were
washed four times with 500 
 
m
 
l lysis buffer without detergent. The glu-
tathione-agarose pellets were then boiled for 10 min in an equal volume of
1
 
3
 
 gel loading buffer, and were analyzed by Western blotting (Towbin et
al., 1979).
 
Preparation of Tissue Lysates
 
Organs dissected from an adult female mouse were washed twice with
cold PBS, resuspended in an equal volume of homogenization buffer (100
mM NaCl, 10 mM Tris, pH 7.5, 1 mM EDTA, 1 mM PMSF, 9 TIU/ml
aprotinin, 5 
 
m
 
g/ml leupeptin), and homogenized on ice with an electric
grinder (Kontes, Vineland, NJ) in 1.5-ml microcentrifuge tubes. An equal
volume of 2
 
3 
 
RIPA buffer (1
 
3
 
 RIPA: 1% Triton X-100, 1% sodium
deoxycholate, 0.1% SDS, 158 mM NaCl, 10 mM Tris, pH 7.5, 1 mM
EGTA, 1 mM PMSF, 9 TIU/ml aprotinin, 5 
 
m
 
g/ml leupeptin) was added,
and samples were vortexed, incubated on ice for 60 min, boiled for 10 min,
spun at 13,000 
 
g
 
 at 4
 
8
 
C for 10 min, and assayed for total protein using a de-
tergent-compatible protein assay (Bio-Rad Laboratories, Hercules, CA).
An equal mass of each sample was analyzed by Western blotting.
 
Avidin Depletion
 
Three 10-cm dishes of nearly confluent CHO cells (10
 
7
 
 cells) were washed
with PBS, and cells were released with versene (0.02% EDTA, PBS, phe-
nol red), pooled, washed twice with PBS, and diluted to a density of 5 
 
3
 
10
 
6
 
/ml with PBS. The sample was divided into two parts, and DMSO con-
taining 10 mg/ml EZ-Link sulfo-NHS-LC-biotin (Pierce Chemical Co.,
Rockford, IL) was added to one half of the sample while DMSO alone
was added to the other half, and cells were rocked gently for 60 min at
room temperature (Isberg and Leong, 1990). Cells were washed three
times with 1 ml of Tris wash buffer, lysed in 1.5 ml RIPA buffer, sheared
through a 26-gauge needle to reduce viscosity, and spun for 10 min at 4
 
8
 
C
and 13,000 
 
g
 
 to remove insoluble debris. Two 1-ml syringes plugged with
glass wool were packed with 200 
 
m
 
l of Immunopure Immobilized Mono-
meric Avidin (Pierce Chemical Co.), poured as a 33% slurry, and pre-
pared according to the manufacturer’s instructions. The columns were
loaded with 200 
 
m
 
l of biotin-labeled or mock-labeled lysate and capped
and incubated at room temperature for 76 min, and then PBS was applied
to each column as three 200-
 
m
 
l fractions were collected. Equal volumes of
each eluted fraction were analyzed by Western blotting.
 
Surface Labeling and Immunoprecipitation
 
RIPA lysates from surface-biotinylated CHO cells were prepared as de-
scribed above. Lysate from 8 
 
3 
 
10
 
5
 
 cells was mixed with 50 
 
m
 
l of protein A
Sepharose CL-4B (as a 1:1 slurry in RIPA buffer; Pharmacia Biotech
Inc.), 1 
 
m
 
l of anti-layilin antiserum or control serum, and 1 mg of heat-
inactivated BSA in RIPA buffer in a total volume of 450 
 
m
 
l. After incu-
bating at 4
 
8
 
C overnight with end-over-end mixing, the Sepharose was
washed five times with 1 ml RIPA buffer. Each sample was divided into
two parts, and one part was treated with peptide N-glycosidase F (PNGase
F) according to the manufacturer’s instructions (New England Biolabs
Inc.). Samples were boiled for 10 min in 1
 
3
 
 gel loading buffer, spun for 10
min at 13,000 
 
g
 
 at room temperature, electrophoresed on 7.5% acrylamide
gels, and transferred to nitrocellulose filters. Filters were blocked over-
night at 4
 
8
 
C in blocking buffer (5% non-fat dry milk reconstituted in PBS/
0.1% Tween-20), rinsed twice, and then washed once for 5 min with PBS/
0.1% Tween-20, incubated for 45 min at room temperature with HRP-
streptavidin (Amersham Life Science, Inc., Arlington Heights, IL) diluted
1:2,000 in PBS/0.1% Tween-20, rinsed twice, and then washed once for 15
min in PBS/0.1% Tween-20, followed by 5 
 
3 
 
10-min washes in PBS/0.1%
Tween-20. Bands were detected using chemiluminescence (NEN™ Life
Science Products, Boston, MA).
 
Generation of Cell Lines Expressing
Epitope-tagged Layilin
 
A hemagglutinin (HA)-tagged version of layilin was made by inserting a
synthetic EcoRI linker (New England Biolabs Inc.) into the 5
 
9
 
 PvuII site
in the layilin cDNA. An oligonucleotide encoding the sequence EFYPY-
DVPDYASPEF was ligated into the EcoRI linkered form of layilin, and
this construct was confirmed by DNA sequencing (Wilson et al., 1984).
The tagged layilin cDNA was transferred into the expression vector
pLEN-neo, and the resulting construct transfected into cells using stan-
dard calcium-phosphate protocols.
 
Immunofluorescence
 
Adherent NIL8 cells were released with trypsin/EDTA, plated on glass
coverslips coated with 5 
 
m
 
g/ml human plasma fibronectin (Beckton Dick-
inson, Bedford, MA), and incubated for 15 min to detect ruffles in spread-
ing cells, overnight to obtain well-spread cells, or several days to achieve
high cell density for in vitro wounding experiments. Spreading cells were
stained before fixation and permeabilization, although identical staining
patterns were observed when staining was performed on fixed and perme-
abilized cells. Otherwise, cells were stained after fixation and permeabili-
zation as follows. Coverslips were washed three times in PBS, fixed for 10
min in 4% paraformaldehyde in PBS, washed as above, permeabilized for
10 min in 1% Brij 99 (Fluka, Ronkonkoma, NY) in PBS, washed as above,
blocked with 10% normal goat serum (NGS, Vector Labs, Inc., Burlin-
game, CA) in PBS for 30 min at 37
 
8
 
C, incubated with primary antibody di-
luted in 10% NGS/PBS for 30 min at 37
 
8
 
C, washed as above, incubated
with fluorescently labeled secondary antibodies (Biosource International,
Camarillo, CA), and fluorescently labeled phalloidin (Sigma Chemical
Co.) as appropriate for 30 min at 37
 
8
 
C, washed as above, rinsed once in
water, and mounted in gelvatol (Monsanto, St. Louis, MO) containing
DABCO (Sigma Chemical Co.) to prevent fading. For peptide-blocking
experiments, antibodies were preincubated on ice with an appropriate
peptide at 1 mg/ml for at least 30 min. Antibodies were used at the following
dilutions: anti-layilin, 1:200; TD77 (anti-talin), 1:100; 12CA5 (anti-HA-
tag), 1:2,000; secondary antibodies, 1:200; phalloidin, 1:5,000. Monoclonal
antibody TD77 was the gift of Dr. D.R. Critchley, University of Leicester
(Bolton et al., 1997). Stained cells were viewed on a Zeiss Axiophot, and
immunofluorescent images were recorded on film (Eastman Kodak Co.,
Rochester, NY) except for Fig. 7, 
 
g
 
,
 
 h
 
, and 
 
i
 
, which were recorded digitally
on an Axioplan 2 (Carl Zeiss Inc., Thornwood, NY) equipped with a CCD
camera (Photometrics, Tucson, AZ) and IPLab Spectrum software (Sig-
nal Analytics, Vienna, VA). For wounding experiments, confluent mono-
layers grown on fibronectin-coated coverslips were scraped under warm
PBS with a rubber policeman to remove approximately half of the mono-
layer, and were then returned to a 37
 
8
 
C/5% CO
 
2
 
 incubator for 45–90 min
until prominent phase-dark ruffles were observed (Nuckolls et al., 1992).
 
Results
 
Identification of a Talin-head-binding Partner by a 
Yeast Two-hybrid Screen
 
Given talin’s homology to other members of the band 4.1
superfamily, we hypothesized that talin’s NH
 
2
 
-terminal
domain, like those of band 4.1 and ERM proteins, would
bind to an integral membrane protein. Since previous bio-
chemical efforts to find such a talin-head-binding protein
yielded no candidates, we used a LexA-based yeast two-
hybrid system to find talin-head-binding proteins (our un-
published results; Nuckolls et al., 1990; Gyuris et al., 1993).
We generated a LexA-talin fusion protein containing the
band 4.1-homologous region of chicken talin (amino acids
1–435). This fusion protein is expressed in yeast, and nei-
ther alone nor when coexpressed with the B42 acidic tran-
scriptional activator, activated either the leu2 or 
 
b
 
-gal re-
porter genes (data not shown). In a yeast transciptional
repression assay we found that the LexA-talin fusion pro-
tein downregulates reporter gene expression by fourfold,
indicating that our talin bait enters the nucleus and binds
to LexA binding sites (Gyuris et al., 1993; data not shown).
We screened approximately 10
 
6
 
 yeast colonies represent-
ing about 10
 
5
 
 cDNAs from a CHO cDNA library with this
LexA-talin head bait, and picked 40 colonies that dis-
played both leucine prototrophy and the ability to activate
a lacZ reporter. After grouping the 40 cDNAs into classes
based on Alu and HaeIII restriction patterns, we recov- 
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ered representative cDNAs from each class and retested
them with the LexA-talin-head bait and a panel of four
negative control LexA-fusion protein baits (LexA-max,
LexA-bicoid, LexA-sec16p, LexA-TGF
 
b
 
R; Zervos et al.,
1993; Espenshade et al., 1995). We recovered 30 cDNAs
comprising a total of three genes that reproduced leucine
prototrophy and 
 
b
 
-gal activation when cotransformed into
yeast with the talin bait, but not with the negative controls.
Of these 30 cDNAs, 25 were overlapping fragments of a
previously unidentified cDNA. We cloned the 5
 
9
 
 end of
the cDNA encoding this candidate talin-interacting pro-
tein from a pcDNA-CHO library using anchored PCR
with a primer based on our novel cDNA (Guo et al.,
1994). Probes derived from the resulting 1,747-bp cDNA
detected a single 1,800 nucleotide (nt) band in CHO RNA
(Fig. 1).
The cDNA contains an open reading frame predicted to
encode a 374–amino acid protein of an estimated molecu-
lar mass of 43 kD (Fig. 2 
 
a
 
). The protein has an amino-ter-
minal signal sequence and predicted cleavage site typical
of a secreted or transmembrane protein, a 130–amino acid
domain with significant homology to C-type lectin carbo-
hydrate-recognition domains (CRD), a 30–amino acid hy-
drophobic span suggestive of a transmembrane domain,
and a 120–amino acid COOH-terminal domain containing
three novel repeated motifs and two YXX
 
F 
 
motifs similar
to those known to allow AP-2–mediated recycling of some
transmembrane proteins (von Heijne, 1986; Letourneur
and Klausner, 1992; Drickamer, 1993). We named this
protein 
 
layilin
 
 based on the sequence LAYILI found in its
putative transmembrane domain.
Since talin is a cytosolic protein, a physiologically rele-
vant interaction between layilin and talin must be me-
diated by layilin’s putative cytoplasmic domain. Each of
the seven independent layilin cDNAs recovered and se-
quenced contains the cytoplasmic domain of layilin, sug-
gesting that the layilin cytoplasmic domain is sufficient for
talin binding. We confirmed this by testing the cytoplasmic
domain and the extracellular and transmembrane domains
separately in the two-hybrid assay. The layilin cytoplasmic
domain alone (amino acids 244–374) conferred leucine
prototrophy and activated the LacZ reporter whereas the
largest B42-fusion, which contains most of the rest of layi-
lin (amino acids 92–244), did not (data not shown).
A comparison of layilin’s C-type lectin homologous se-
quences with the CRDs of two known C-type lectins is
shown in Fig. 2 
 
b. Layilin contains 14/14 residues found in
all carbohydrate-binding C-type lectins, and an additional
18/20 highly conserved residues (Drickamer, 1993). One of
the two nonconserved residues, V141, corresponds to an
oxygen-containing residue that coordinates one of two cal-
cium ions bound by some C-type lectins (Weis et al., 1991).
However, not all lectins use this calcium-binding site, and
the absence of an oxygen-containing side chain at position
141 suggests that layilin lacks this second calcium-binding
site (Graves et al., 1994). Interestingly, layilin contains a
5–amino acid insertion relative to the mannose-binding
protein CRD (amino acids 148–152 of layilin; Fig. 2 b, un-
derline), which is of the same size and at the identical posi-
tion as an insertion found in the E-selectin CRD. The in-
serted sequences in the E-selectin CRD form a loop that
projects into the ligand-binding pocket, and mutation of
these sequences disrupts selectin-mediated adhesion (Graves
et al., 1994). Layilin contains an additional 7–amino acid
insertion adjacent to the 5–amino acid insertion that may
form part of the same loop (Fig. 2 b, double underline).
Layilin shares z40% amino acid similarity with all other
CRDs examined; the presence of a selectin-like insertion
raises the possibility that layilin may bind to ligand in a
manner similar to selectins. Layilin also differs from other
CRDs by inserting 7 amino acids relative to the mannose-
binding protein CRD (amino acids 102–108 of layilin, Fig.
2 b, broken underline). This insertion falls in sequences
that form the first of four large calcium-binding loops in
other CRDs, and is distal to the proposed ligand-binding,
site. The 45 amino acids between the CRD and the puta-
tive transmembrane domain are rich in negatively charged
amino acids (11/45), prolines (7/45), and S/T residues that
may serve as O-linked carbohydrate attachment sites (10/
45). These characteristics are suggestive of an elongated
stalk that projects the CRD away from the plasma mem-
brane.
Potential human and pig layilin homologues present in
the expressed sequence tag (EST) database indicate con-
Figure 1. Northern blot analysis
of CHO total and poly-A1
RNA. 5 mg of CHO total RNA
or 1 mg of CHO poly-A1 RNA
were analyzed for expression of
a gene encoding a candidate
talin-interacting protein. The
single detectable transcript is
highly enriched in the poly-A1
RNA. The lane showing total
RNA was exposed for 15 d and
that showing poly-A1 RNA for
2 d. The positions of the 18S
(1874 nt) and 28S (4718 nt) ribo-
somal RNAs are indicated for
size reference.The Journal of Cell Biology, Volume 143, 1998 434
servation among different species of some layilin sequence
features. First, the pig EST (accession no. AA063669) en-
codes a protein that includes most of the layilin CRD. This
potential homologue is 80% identical and 88% similar to
hamster layilin, and includes the insertions discussed
above. In addition, both hamster and pig layilin sequences
contain the sequence EPS in a motif that has some value in
predicting the carbohydrate specificity of CRDs; CRDs
containing the sequence EPN generally bind mannose or
glucose while those with the sequence QPD tend to bind
galactose sugars (Drickamer, 1992). We cannot make any
prediction based on the sequence EPS found in layilin.
The second candidate layilin homologue is encoded by two
human ESTs (accession nos. AA447940 and AA384314),
and overlaps the layilin cytoplasmic domain. The 92–amino
acid hypothetical human protein is 73% identical and 83%
similar to hamster layilin, and contains three copies of the
long repeat and a single copy of each of the short cytoplas-
mic domain motifs. Alignment of the human and hamster
cytoplasmic domains reveals that the human version lacks
the COOH-terminal 20 amino acids, precisely those used
in our peptide antigen. This may explain our inability to
detect layilin protein in human cell lines with our antibody
(see below).
Layilin Protein is Widely Expressed in Cells and Tissues
We raised a polyclonal antiserum directed against a key-
hole limpet hemocyanin-conjugated peptide correspond-
ing to the 20 carboxy-terminal amino acids of layilin, and
affinity-purified it against the immobilized peptide. Both
the serum and affinity-purified antibodies detect a cluster
of bands migrating at z55 kD in detergent lysates of CHO
cells, while the serum depleted over the peptide column
did not detect any specific bands (Fig. 3 a, compare lanes 3
and 5 with lane 4). Fig. 3 a also shows that the bands de-
tected by the anti-layilin antiserum are competed by the
layilin-derived peptide (compare lane 1 with lane 2). In
cells transfected with an HA-tagged layilin cDNA, the
anti-HA monoclonal antibody 12CA5 detects a similar
cluster of bands that migrate slightly more slowly, presum-
ably because of the presence of the HA tag; the anti-layilin
antiserum detects the same bands (data not shown).
To find out whether layilin, like talin, is expressed in a
variety of cell lines and cell types, we screened several cul-
tured cell lines and mouse tissues for the presence of layi-
lin protein. Our antiserum detected an immunoreactive
protein of approximately the same size as hamster layilin
in each cell line tested, except the human cell line K562
(Fig. 3 b). These bands were efficiently competed in the
presence of the layilin-derived peptide LC20 (data not
shown). The cross-reacting band in three rat cell lines
tested migrated slightly faster than the band in hamster
cell lysates, indicating a molecular weight difference of z4
kD. This result could represent differential glycosylation
(see below) or a deletion or alteration in the polypeptide
itself. We observed a significantly weaker signal in COS
cells, indicating either that these cells express less layilin
protein or that the monkey antigen does not cross-react
with our antibody as well as rodent layilins. Our inability
to detect layilin-reactive protein in human cells might be
explained by the sequence of the candidate human layilin
homologue described above. We found detectable levels
of layilin in most of the 12 mouse tissues analyzed by
Western blotting (Fig. 3 c). Layilin was most abundant in
the ovary, and was readily detectable in most other solid
tissues assayed. These observations indicate that layilin,
like talin, is widely expressed in adherent cell types both in
vitro and in vivo.
GST-talin-head Fusions Bind Layilin and FAK
To confirm and characterize further the interaction be-
tween talin and layilin, we tested the ability of GST fusion
Figure 2.( a ) The deduced layilin amino acid sequence is shown. The predicted signal sequence
cleavage site is indicated with an arrow. A grey box highlights the C-type lectin homology. A sin-
gle potential N-linked glycosylation site is marked with a diamond. The proposed transmembrane
domain is shown in boldface. Three copies of a 16–18 amino acid repeat (layilin homology 1, LH1)
are shown with a broken underline. Three copies of a penta-amino acid repeat (LH2) are double-
underlined, and two copies of a tetra-amino acid repeat (LH3) are underlined. The cDNA encod-
ing this polypeptide has been submitted to GenBank with accession number AF093673. (b) Align-
ment of the carbohydrate-recognition domains from rat mannose-binding protein A, dog E-selec-
tin, and hamster layilin. Shown at the bottom is the CRD consensus sequence derived by
Drickamer (1993): single-letter amino acid code indicates absolutely conserved residues; other ab-
breviations: O, any oxygen-containing amino acid; Z, either E or Q; u, aliphatic; F, aromatic; V, al-
iphatic or aromatic residue (Drickamer, 1993). The alignment was performed using the GCG pro-
gram PILEUP, and was then manually adjusted. The five amino acid insertions found in layilin
and E-selectin are underlined, a 7–amino acid insertion unique to layilin is double-underlined, a
second 7–amino acid insertion is shown with a broken underline.Borowsky and Hynes Layilin, a Membrane-docking Site for Talin 435
proteins containing either talin or layilin sequences to bind
layilin or talin, respectively, in detergent extracts from
CHO cells. In each experiment, samples were assayed by
Coomassie staining to ensure equal loading of GST fusion
proteins. GST-layilin fusions containing amino acids 261–
374 and 330–374 of the layilin cytoplasmic domain re-
tained a fraction of intact talin in CHO detergent lysates,
whereas a GST-layilin fusion containing amino acids 244–
335 and a negative control GST-fusion containing a fi-
bronectin type III repeat (GST-FN EIIIB) did not (Fig. 4
a). Moreover, the GST-layilin fusions distinguished be-
tween the full-length talin protein and a prominent pro-
teolytic fragment present in the lysate by binding to only
the full-length talin polypeptide. These observations indi-
cate that the minimal talin binding site is within amino ac-
ids 330–374. This region of layilin includes three copies of
the motif ESG(F/W)V (LH2) and two N(D/E)IY repeats
(LH3), with each LH3 repeat adjacent to an LH2 repeat
(Fig. 2 a). Talin binds to a GST fusion protein containing 1
or 3 copies of a tandem array of the LH21LH3 repeats
found at amino acids 243–252 of layilin (Fig. 4 a and data
not shown). In addition, a synthetic peptide (LC20) de-
rived from the COOH-terminal 20 amino acids of layilin
and containing one copy of the LH21LH3 module, blocks
binding of talin to GST-layilin 330–374 (Fig. 4 a). In con-
trast to LC20, an unrelated peptide containing the HA
epitope does not block binding of talin to the GST-layilin
fusion protein (Fig. 4 a). These observations confirm that
talin binds layilin through one or more LH23 motifs.
Fig. 4 b (bottom) shows that glutathione-agarose pre-
loaded with a GST fusion protein containing amino acids
1–435 of talin (GST-CT 1–435), the same talin fragment
used in our LexA-talin head bait, binds layilin in CHO
extracts, whereas glutathione-agarose loaded with equal
amounts of a control GST-fibronectin fusion protein does
not. The GST-CT fusion also binds HA-tagged layilin in
extracts prepared from NIL8 cells expressing epitope-
tagged layilin. Using the monoclonal 12CA5 to detect the
epitope tag, we found that GST-talin fusions that include
amino acids 280–435 can specifically retain HA-tagged
layilin from a cell lysate (Fig. 4 c).
We used our GST-talin fusion protein to determine if
other focal contact proteins bound to talin head. We
examined the material bound to the talin and control fi-
bronectin GST-fusions for the presence of other focal con-
tact proteins, and found that FAK bound to talin’s NH2-
terminal domain (Fig. 4 b, top). This confirms and extends
previous reports of an interaction between FAK and talin
(Chen et al., 1995; Zheng et al., 1998). We did not detect
any binding of a-actinin, vinculin, tensin, paxillin, tubulin,
or  b1-integrin to GST-CT 1–435 or to GST-FN EIIIB
(data not shown). We used this assay to map the sequences
within talin head sufficient for layilin and FAK binding
(Fig. 4, b and c). Layilin bound to each GST-talin fusion
containing at least amino acids 280–435. FAK bound well
to GST-fusions that include amino acids 186–435. Shorter
fusions overlapping amino acids 225–357 and a fusion pro-
tein containing only amino acids 225–357 of talin bound
FAK weakly. Hence, amino acids 225–357 contain a mini-
mal FAK-binding site, and amino acids 280–435 constitute
the smallest layilin-binding site tested. The FAK binding
site maps entirely within talin’s band 4.1 homologous do-
main, and the layilin-binding site overlaps this region
while including more COOH-terminal talin sequences.
The fact that these binding sites are distinguishable con-
firms the specificity of each interaction.
Layilin is a Glycoprotein Expressed on the Cell Surface
The presence of a putative signal sequence and transmem-
brane domain suggested that layilin would be found on the
Figure 3. Expression of layilin protein in cells and tissues. (a) A
rabbit polyclonal antiserum was raised against a synthetic peptide
comprising the COOH-terminal 20 amino acids of layilin and
used to Western blot a lysate of CHO cells. Lane 1, immune se-
rum; lane 2, immune serum preincubated with 1 mg/ml layilin
peptide; lane 3, immune serum; lane 4, immune serum after de-
pletion over immobilized layilin peptide; lane 5, affinity-purified
antibody eluted from the immobilized layilin peptide. The posi-
tion and size in kilodaltons of molecular weight standards are
shown. (b) Western blot with affinity-purified anti-layilin antise-
rum of mouse, rat, monkey, hamster, and human cell lines. Spe-
cifically reacting bands in rat cell lines migrate slightly faster than
do the prevalent immunoreactive species in monkey, mouse and
hamster. NRK, normal rat kidney; REF, rat embryo fibroblast.
The position and size in kD of molecular weight standards are
shown. 5 mg of lysate were loaded per lane. (c) Organs were dis-
sected from a healthy adult female mouse, homogenized, and lysed
in gel-loading buffer. 10 mg of each lysate were loaded per lane,
and were blotted for layilin. Total CHO protein is included to in-
dicate the position of layilin.The Journal of Cell Biology, Volume 143, 1998 436
cell surface. We tested this hypothesis by immunoprecipi-
tation from surface-labeled CHO cell lysates. The anti-lay-
ilin antiserum immunoprecipitates from lysates of surface-
biotinylated CHO cells a 55-kD band whose size is in good
agreement with the band we detected by Western blotting
of whole cell lysates with the same antibody (Fig. 5 a, lane
3; Fig. 3 a, lanes 1, 3, and 5; similar results were obtained
with NIL8 hamster fibroblasts, data not shown). Peptide-
depleted serum does not immunoprecipitate any surface-
labeled material from biotin-labeled CHO cells, and the
55-kD band precipitated by the antiserum can be com-
peted by preincubating the affinity-purified antiserum
with a layilin-derived peptide (Fig. 5 a, lane 1, and data
not shown). We found that the surface-labeled band im-
munoprecipitated by anti-layilin antiserum is sensitive to
treatment with PNGase F, indicating the presence of
N-linked carbohydrates (Fig. 5 a, compare lanes 3 and 4;
Maley et al., 1989). The anti-HA epitope monoclonal 12CA5
immunoprecipitates a similarly sized, surface-labeled, PNG-
ase F–sensitive band from both CHO and NIL8 cells ex-
pressing HA-tagged layilin (data not shown). Western
blotting of CHO cell lysates treated with PNGase F shows
a similar shift in the mobility of the band detected by anti-
layilin antiserum, confirming that we are observing the
same band by both surface label and Western blotting, and
indicating that most of the cellular pool of layilin is glyco-
sylated (Fig. 5 b). PNGase F-treated layilin migrates
slightly slower than predicted based on its deduced amino
acid sequence (51 vs. 43 kD); this discrepancy may reflect
additional posttranslational modifications to layilin, such
as O-linked glycosylation, or may simply reflect aberrant
electrophoretic migration.
We used accessibility to a membrane nonpermeable bi-
otinylation reagent to assess the proportion of total layilin
present on the cell surface. A population of CHO cells was
divided into two parts: one was surface-labeled with sulfo-
NHS-LC-biotin while the other was subjected to the same
surface-labeling protocol in parallel without adding biotin.
Lysates made from these two samples were applied to
identical columns of immobilized avidin to capture any
proteins that reacted with the surface-labeling reagent,
Figure 4.( a ) GST fusion proteins containing portions of the layi-
lin cytoplasmic domain were immobilized on agarose and mixed
with a CHO cell detergent lysate. Each fusion protein contains
the layilin amino acids indicated, except (LH23)33, which has
three copies of the amino acid motif spanning layilin amino acids
243–252. After washing, the agarose beads were boiled in gel-
loading buffer, and the released material was analyzed by West-
ern blotting for talin. The lanes containing proteins bound by
GST fusions of fibronectin EIIIB (FN EIIIB) or layilin are over-
loaded approximately 13-fold relative to the total lysate lane. (b)
Glutathione agarose preloaded with GST fusions containing ei-
ther FN EIIIB or the indicated amino acids of chicken talin was
incubated with a CHO cell detergent lysate, washed, and boiled
in gel-loading buffer. Proteins released from the beads were de-
tected by Western blotting for focal adhesion kinase (FAK, top)
or layilin (bottom). The lanes containing proteins bound by GST
fusions to chicken talin and fibronectin EIIIB are overloaded ap-
proximately 25-fold relative to the total lysate lane. (c) Glu-
tathione agarose preloaded with GST fusions containing various
fragments of chicken talin was incubated with a detergent lysate
of NIL8 cells expressing HA-tagged layilin, washed, and boiled in
gel-loading buffer. Proteins released from the beads were de-
tected by Western blotting for the HA-epitope tag. Lanes con-
taining material bound to GST fusions are overloaded approxi-
mately 20-fold relative to the total lysate lane.Borowsky and Hynes Layilin, a Membrane-docking Site for Talin 437
thereby depleting surface proteins from the extracts. The
flow-throughs from these columns were then analyzed by
Western blotting for b1-integrin and layilin (Fig. 5 c). The
integrin control indicates that the avidin column efficiently
removed all of the mature surface-expressed b1-integrin
(Fig. 5 c, arrow) from the labeled lysates (lanes 2–4) with-
out affecting the amount of precursor b1-integrin (which is
not expressed on the surface; Fig. 5 c, asterisk). In contrast,
the avidin column did not deplete either form of b1-inte-
grin from mock-labeled lysates (Fig. 5 c, lanes 5–7). By as-
saying the same fractions for layilin, we found that the ma-
jority of layilin was depleted in the biotin-treated sample
when compared with the unbiotinylated control, indicating
that most layilin protein is on the cell surface (Fig. 5 c, bot-
tom; compare lanes 2–4 with lanes 5–7).
Layilin Localization
We chose to analyze layilin subcellular distribution in
NIL8 hamster fibroblasts because they have a well-articu-
lated actin cytoskeleton that has been extensively charac-
terized (Mautner and Hynes, 1977; Hynes and Destree,
1978). To confirm the specificity of our observations, we
examined the distribution of both HA-tagged and endoge-
nous layilin. In NIL8 cells stably transfected with an HA
epitope–tagged version of layilin, 12CA5, the monoclonal
antibody directed against the HA epitope tag, stains ruf-
fling membranes in both spreading and migrating cells
(Fig. 6, a–f). 15 min after plating on fibronectin-coated
coverslips, NIL8 cells have a rim of F-actin filaments
around the cell edge (Fig. 6 e). Spreading cells expressing
HA-tagged layilin exhibit strong staining that colocalizes
with phalloidin signal at the cell periphery (Fig. 6, a, c, and
e). As an internal control, we examined nonexpressing
cells in the same field; these cells have ruffles as assessed
by phalloidin staining, but show no 12CA5 signal in the
ruffles, indicating that 12CA5 staining produces little or no
background in NIL8 cells (Fig. 6, a, c, and e, arrows).
The leading edges of migrating cells also contain actin-
and talin-rich ruffles. To assess layilin localization in these
Figure 5. Layilin is a glycopro-
tein expressed on the cell sur-
face. (a) CHO cells were sur-
face-labeled with biotin, lysed in
RIPA buffer, immunoprecipi-
tated with either peptide-depleted
(lanes 1 and 2) or affinity-puri-
fied (lanes 3 and 4) anti-layilin
antiserum, and labeled bands
were detected with HRP-strepta-
vidin. Samples in lanes 2 and 4
were treated with PNGase F to
remove N-linked carbohydrates.
The position of the layilin band
is marked with a solid arrow-
head before PNGase F treat-
ment, and with an open arrow-
head after PNGase F treatment.
The position and size in kD of
molecular mass standards are
shown. (b) A detergent lysate of
CHO cells was treated with
(lane 2) or without (lane 1)
PNGase F to remove N-linked
sugars, Western-blotted, and probed with affinity-purified anti-
layilin antiserum. Note that essentially all the layilin present in
the lysate is PNGase F-sensitive. The position and size in kD of
molecular weight standards are shown. (c) Layilin is predomi-
nantly found on the cell surface. CHO cells were surface-labeled
with biotin (lanes 2–4) or mock surface-labeled without biotin
(lanes 5–7), lysed, and passed over an avidin column to remove
labeled material. The first three fractions eluted from each col-
umn (lanes 2–4 and 5–7) were analyzed by Western blotting for
b1-integrin and layilin. When assayed for b1-integrin (top), the
lysate (lane 1) contains two bands: the upper band (arrow) repre-
sents mature b1-integrin; the lower band (asterisk) is an intracel-
lular precursor. Biotin selectively labels the mature (top) band
without affecting the precursor form of b1 (compare lanes 2 and
5, top), indicating the reagent does not have access to the cells’ in-
terior. The same fractions (bottom) reveal that most layilin, like
mature b1-integrin, is biotin-labeled (compare lanes 2 and 5, bot-
tom). All lanes were loaded with equivalent fractions of the cell
lysate.
Figure 6. Localization of HA-tagged layilin in spreading (a, c,
and e) or migrating (b, d, and f) NIL8 hamster cells. Cells spread-
ing on a fibronectin matrix (a, c, and e) contain peripheral ruffles
that stain for both HA-layilin (a) and phalloidin (e). Yellow ruf-
fles in the double exposure (c) show the extent of overlap of
staining. Migrating NIL8 cells also contain layilin-rich ruffles at
their leading edges (b, d, and f). Cells shown are stained with
12CA5 in the presence of 1 mg/ml LC20 (b), 12CA5 in the
presence of 1 mg/ml HA peptide (d), and the same cell as in d
double-stained with affinity-purified anti-layilin antiserum (f).
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ruffles, we stimulated cells to migrate by wounding conflu-
ent monolayers with a rubber cell scraper, and examined
the distribution of epitope-tagged layilin in cells migrating
into the wound. 45–90 min after wounding, we observed
lamellipodia with phase-dark ruffles on 10–30% of cells
adjacent to the region cleared of cells. We detected HA-
tagged layilin in these leading edge ruffles formed by mi-
grating cells (Fig. 6, b, d, and f). This HA signal is com-
peted by a peptide containing the HA epitope, but not by
an unrelated peptide (LC20), demonstrating the specificity
of the observed staining (Fig. 6, b and d). The cell in Fig. 6
d is double-stained with the polyclonal anti-layilin antise-
rum in Fig. 6 f to show that the cell has a layilin-positive
ruffle at its leading edge.
We next examined the distribution of endogenous layi-
lin in untransfected NIL8 cells. Our affinity-purified poly-
clonal anti-layilin antiserum stains the leading edge of mi-
grating cells and peripheral ruffles of spreading cells (Fig.
7). Signals in the nucleus and the midbody are probably ar-
tifacts of the antiserum as we saw no nuclear or midbody
staining with 12CA5 in cells expressing HA-tagged layilin
(Fig. 6 and data not shown). Furthermore, our biochemical
analysis, which suggests that layilin is predominantly on
the cell surface, is inconsistent with the presence of signifi-
cant levels of layilin in the nucleus (Fig. 5 c).
We compared the distribution of endogenous layilin
with that of F-actin in NIL8 cells that were grown over-
night on fibronectin-coated coverslips. The cell shown in
Fig. 7, d–f is extending two lamellipodia at right angles to
one another, each showing strong layilin staining at its
leading edge. Phalloidin staining confirms that F-actin is
also concentrated in these structures (Fig. 7 f). The cell
shown in Fig. 7, d–f) has recently divided, and has not yet
formed actin stress fibers characteristic of a well-spread
cell. However, we did not observe specific stress-fiber
staining with the anti-layilin antiserum in well-spread cells
exhibiting prominent stress fibers (data not shown). Con-
trol anti-layilin antiserum was depleted of layilin immu-
noreactivity by preincubation of immune serum on a col-
umn containing immobilized layilin peptide (Fig. 3 a). In
contrast to the affinity-purified anti-layilin antiserum, the
depleted serum does not stain peripheral actin-rich ruffles
(Fig. 7, a–c).
Colocalization of Layilin with Talin in Ruffles
We used double-label immunofluorescence to see whether
layilin colocalizes with talin in focal contacts or membrane
ruffles. We induced leading edges in NIL8 cells by scrap-
ing monolayer cultures. The resulting ruffles show strong
staining with the anti-talin monoclonal TD77, confirming
earlier reports of talin in ruffling membranes (Fig. 7 i;
Burridge and Connell, 1983; DePasquale and Izzard, 1991;
Bolton et al., 1997). In the same cells, talin is also readily
seen in focal contacts arrayed behind the leading edge
(Fig. 7, h and i, arrows). Layilin staining is clearly visible in
the same ruffles that contain talin, but is not evident in fo-
cal contacts (Fig. 7 g, arrows). The coincidence of talin and
layilin staining in these cells is indicated by yellow staining
in the merged image of layilin and talin immunofluores-
cence, while the green focal contacts confirm that talin,
but not layilin, is found in focal contacts (Fig. 7 h). Overall,
we found essentially identical subcellular distribution in
ruffles of both endogenous and HA-tagged layilin. The
layilin signal colocalizes with both talin and phalloidin
staining found in peripheral ruffles, but not with stress fi-
bers or focal contacts (Fig. 7 and data not shown).
Discussion
Talin was discovered as a component of focal contacts and
the leading edge of migrating cells, but the molecular basis
of its role in ruffles is unknown (Burridge and Connell,
1983). Similarly, the significance of talin’s band 4.1 homol-
ogy, initially observed when the talin cDNA was reported
(Rees et al., 1990), has not been revealed. The discovery of
layilin, an integral membrane protein found in ruffles that
binds to talin’s band 4.1 homologous domain, confirms the
hypothesis of Rees et al. that this domain of talin contains
a membrane-binding site, and suggests a specific function
for talin in the leading edge of migrating cells as an adap-
tor between the membrane and F-actin. A role for talin in
migration was initially suggested by its subcellular local-
ization in ruffles, and was demonstrated by the inhibitory
Figure 7. Endogenous layilin is in membrane ruffles. Cells are
shown stained with peptide-depleted anti-layilin antiserum (a),
affinity-purified anti-layilin antiserum (d and g), phalloidin (c and
f), and anti-talin (i). b, e, and h are double exposures of a and c, d
and f, and g and i. Layilin antibodies stain membrane ruffles (ar-
rowheads) which also contain talin (i) and actin (f). The talin
monoclonal stains both ruffles (h and i, arrowheads) and focal
contacts (h and i, arrows), while the layilin antiserum stains ruf-
fles but not focal contacts (g and h). Bar, 10 mm.Borowsky and Hynes Layilin, a Membrane-docking Site for Talin 439
effect of microinjecting anti-talin antibodies into cells
along the edge of a wound (Nuckolls et al., 1992; Bolton et
al., 1997). Microinjecting a monoclonal antibody (TA205)
that recognizes a fusion protein containing amino acids 139–
433 within talin head domain also inhibits cell motility, fur-
ther implicating this talin fragment in cell motility (Bolton
et al., 1997). The monoclonal antibody TA205 recognizes a
GST-talin fusion containing amino acids 1–186, placing the
epitope between amino acids 139 and 186 (our unpub-
lished observations); we have identified binding sites for
both FAK and layilin adjacent to this antibody binding
site, which may account for its inhibitory activity (Fig. 4).
Talin’s role in the dynamic aspects of membrane–cytoskel-
etal junctions in vertebrate cells is underscored by the ob-
servation that localized disruption of talin in neuronal
growth cones prevents formation of new membrane exten-
sions (Sydor et al., 1996). By binding to integrins and layi-
lin, two types of transmembrane proteins with distinct sub-
cellular distributions, talin may be able to distinguish
between the relatively static membrane–cytoskeletal con-
nections in focal contacts and the highly dynamic mem-
brane–actin linkages in ruffles. How the talin–layilin inter-
action is regulated by or contributes to the control of
membrane–cytoskeleton associations is the subject of on-
going investigations.
Models for Layilin Function
Given the colocalization of layilin with talin and the ob-
served binding between them, layilin is a good candidate
for a membrane-binding site for talin in ruffles. We ob-
serve colocalization of both epitope-tagged and endoge-
nous layilin with talin in actin-rich membrane ruffles (Figs.
6 and 7). Bacterially expressed GST-talin fusion proteins
bound layilin in cell lysates, and, in parallel experiments,
GST-layilin cytoplasmic domain fusions bound talin in cell
lysates (Fig. 4). These results, in addition to our initial
finding that talin and layilin interact in a yeast two-hybrid
assay, are consistent with a direct interaction between the
two proteins. Layilin contains significant homology to pro-
teins with C-type lectin activity. Carbohydrate recognition
domains have been found in both type I (NH2 terminus ex-
tracellular) and type II (NH2 terminus cytoplasmic) single-
pass transmembrane proteins (Drickamer and Taylor,
1993). Known type I C-type lectins fall into two functional
groups: cell–cell adhesion molecules of the selectin family,
and endocytic receptors such as the macrophage mannose
receptor. This observation, combined with our initial char-
acterization of the layilin protein, leads us to suggest two
general models for layilin function.
In the first model, layilin acts in cell migration by anchor-
ing to the membrane talin, which in turn binds F-actin.
This chain of interactions may transmit force from actin to
the membrane, resulting in its characteristic deformation
into ruffles. In this scenario, layilin may serve simply as a
talin docking site, or it could be an early-acting adhesion
molecule that binds extracellular matrix, nucleating the
formation of focal contact precursors at the cell periphery.
In this case, layilin would be functioning analogously to se-
lectins, which mediate transient adhesion between rolling
leukocytes and the endothelium followed by tight integrin-
mediated adhesion. However, whereas selectins mediate
cell adhesion in specialized cells of the immune system, we
hypothesize that layilin performs fundamental cell adhe-
sion tasks common to most cells because layilin and talin
are present in many different tissues (Fig. 3). Layilin
would thus form transient adhesion sites between ruffles
and extracellular matrix that are refined into focal con-
tacts after integrin recruitment. This could occur in both
spreading and migrating cells. Talin, which can bind both
layilin and integrins, may provide continuity between the
two types of cell–matrix linkages as transient layilin-con-
taining structures mature into integrin-containing focal ad-
hesions. Integrin extracellular matrix receptors are known
to be signaling as well as adhesion receptors, and if layilin
encounters matrix early in the process of cell adhesion it
may also signal. The three internally repeated motifs in the
layilin cytoplasmic domain are potential binding sites for
cytoskeletal or signaling molecules in addition to talin.
Conservation of these motifs in hamster and human layi-
lins suggests that they are of importance, and we have
shown that two of these repeats form a binding-site for
talin (Fig. 4).
It is interesting to note that the C-type lectin CRD is
structurally homologous to another carbohydrate-binding
domain, the link module (Kohda et al., 1996). Link mod-
ules are found in a variety of carbohydrate-binding pro-
teins, including CD44, one of the proteins reported to bind
to the NH2-terminal domain of ERMs (Tsukita et al.,
1994). CD44 has also been proposed to function in cell mi-
gration and tumor metastasis (Sherman et al., 1994). It is
notable that several members of the band 4.1 superfamily
interact with the cytoplasmic domain of carbohydrate-
binding molecules with roles in migration and adhesion.
In a second model, layilin may function as an endo- or
phagocytic receptor, similar to some other C-type lectins
such as the macrophage mannose receptor (Drickamer
and Taylor, 1993). This model is suggested by the observa-
tion that talin is present in phagocytic cups in macro-
phages and at sites of uptake of some bacterial pathogens
(Greenberg et al., 1990; Finlay et al., 1991; Finlay et al.,
1992; Young et al., 1992; Love et al., 1998). In addition, the
layilin cytoplasmic domain contains two YXXF motifs
(YNVI, YDNM; Fig. 2 a). These motifs are similar to se-
quences that mediate clathrin-dependent endocytosis of
other membrane proteins by binding to the m2 chain of the
AP-2 adaptor complex (Ohno et al., 1995; Marks et al.,
1997). Layilin may act simply by binding to and internaliz-
ing ligands bearing an appropriate carbohydrate moiety,
or it may have additional functions in recruitment or stabi-
lization of cytoskeleton in phagocytic ruffles. Alterna-
tively, talin might stabilize a complex consisting of layilin
and its bound ligand during uptake. Again, we would pos-
tulate that, given its widespread expression pattern in tis-
sues, layilin participates in some general mode of uptake
not limited to macrophages or other professional phago-
cytes. These two models, adhesion and uptake, are not
mutually exclusive, however, and we are currently en-
gaged in experiments to confirm or rule out either possi-
bility.
Implications for the Band 4.1 Superfamily
The band 4.1 superfamily members merlin and ezrin/radixin/The Journal of Cell Biology, Volume 143, 1998 440
moesin are present in membrane ruffles, and downregula-
tion of ERM proteins by treating cells with antisense oli-
gonucleotides results in reduced cell adhesion (Takeuchi
et al., 1994; Henry et al., 1995). This defect may be causal
or may be a secondary consequence of reduced cell
spreading. We are investigating the possible interaction of
layilin with ERM proteins and other members of the band
4.1 superfamily found in ruffles. Previous reports of bind-
ing between band 4.1 family members and membrane pro-
teins implicate clustered basic residues as binding sites for
band 4.1 and ERMs. Jöns and Drenckhahn (1992) found
that band 4.1 binds to the basic sequence LRRRY in the
cytoplasmic domain of the erythrocyte anion exchanger,
one band 4.1 membrane docking site in red blood cells.
Marfatia and colleagues showed that mutation of three
membrane-proximal basic residues in the glycophorin C
cytoplasmic domain abrogates binding in vitro between
protein 4.1 and peptides derived from glycophorin C
(Hemming et al., 1995; Marfatia et al., 1995). Recently,
Yonemura et al. (1998) identified short basic sequences in
CD44, CD43, and ICAM-2 that appear to mediate binding
to ERM proteins (Legg and Isacke, 1998; Yonemura et al.,
1998). Interestingly, as shown in Fig. 4, talin binds to ten
amino acids derived from two repeated motifs within the
layilin cytoplasmic domain. This binding site does not con-
tain the membrane proximal or any other stretch of basic
residues in layilin, demonstrating another mode of binding
between band 4.1 family members and integral membrane
proteins.
The interaction of band 4.1 with glycophorin C is en-
hanced in the presence of polyphosphoinositides (Ander-
son and Marchesi, 1985). A mechanism for this regulation
is suggested by studies on ERM proteins demonstrating
binding between ERM head and tail domains that is re-
versed in the presence of acidic phospholipids (Gary and
Bretscher, 1995; Magendantz et al., 1995; Hirao et al.,
1996). Although no such regulated head–tail interaction
has been described for talin, talin’s NH2-terminal domain
has been reported to bind some phospholipids under con-
ditions of low ionic strength (Niggli et al., 1994). In addi-
tion, talin undergoes a conformational change from a glob-
ular structure to an elongated rod in response to changes
in salt concentration, which may represent a transition
from a closed to an open form of the protein with different
abilities to bind talin-binding partners (Molony et al.,
1987; Winkler et al., 1997). We would have circumvented
this mode of regulation with our recombinant LexA- and
GST-fusion proteins that contain only talin head. Recent
reports that ERM localization and head–tail association
can be influenced by phosphorylation of ERMs suggest a
potential mode of talin regulation that is consistent with
observed talin phosphorylation (Pasquale et al., 1986;
Turner et al., 1989; Beckerle, 1990; Bertagnolli et al., 1993;
Tidball and Spencer, 1993; Matsui et al., 1998; Shaw et al.,
1998). It will be of interest to determine whether talin
binding to layilin or FAK is regulated by either phospho-
lipid binding or talin phosphorylation.
In conclusion, we have uncovered novel functions for
the talin head domain analogous with those of the homol-
ogous NH2-terminal domains of other band 4.1 family
members: interaction with layilin in ruffles, and FAK
binding. This talin domain therefore acts both as a mem-
brane linker and in signal transduction, while the tail of
talin binds a different membrane anchor (integrins) and
forms links to the cytoskeleton.
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